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HIGHLIGHTS 


►  Compatible  blends  of  ionic  polymer  and  reinforcing  polymer  are  demonstrated. 

►  Proton  selectivity  and  high  conductivity  improve  cell  efficiency. 

►  Composite  VRFBs  show  longer-life  device  performance. 

►  Both  chemical  and  mechanical  degradation  mitigated  with  new  VRFB  membrane  design. 
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Composite  membranes  based  on  blends  of  sulfonated  fluorinated  poly(arylene  ether)  (SFPAE)  and 
poly(vinylidene  fluoride-co-hexafluoropropene)  (P(VDF-co-HFP))  were  prepared  with  varying  P(VDF-co- 
HFP)  content  for  vanadium  redox  flow  battery  (VRFB)  applications.  The  properties  of  the  SFPAE-P(VDF- 
co-HFP)  blends  were  characterized  by  atomic  force  microscopy,  differential  scanning  calorimetry,  and 
Fourier  transform  infrared  spectroscopy.  The  water  uptake,  mechanical  properties,  thermal  properties, 
proton  conductivity,  V02+  permeability  and  VRFB  cell  performance  of  the  composite  membranes  were 
investigated  in  detail  and  compared  to  the  pristine  SFPAE  membrane.  It  was  found  that  SFPAE  had  good 
compatibility  with  P(VDF-co-HFP)  and  the  incorporation  of  P(VDF-co-HFP)  increased  the  mechanical 
properties,  thermal  properties,  and  proton  selectivity  of  the  materials  effectively.  An  SFPAE  composite 
membrane  with  10  wt.%  P(VDF-co-HFP)  exhibited  a  44%  increase  in  VRFB  cell  lifetime  as  compared  to 
a  cell  with  a  pure  SFPAE  membrane.  Therefore,  the  P(VDF-co-HFP)  blending  approach  is  a  facile  method 
for  producing  low-cost,  high-performance  VRFB  membranes. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Vanadium  redox  flow  battery  (VRFB)  technology  has  received 
significant  interest  recently  as  one  of  the  most  promising  types  of 
flow  batteries  for  large-scale  energy  storage  applications  [1-3].  A 
VRFB  device  has  a  simple  configuration  consisting  of  porous  or 
channeled  carbon  electrodes,  an  anolyte/catholyte  separator,  and 
externally  supplied  electrolytes  that  allow  flexible,  modular  design 
for  a  wide  range  of  power  and  energy  storage  requirements.  Suc¬ 
cesses  have  been  achieved  for  increasing  the  performance  of  flow 
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batteries  with  highly  active  electrodes  [4]  and  high  stability  elec¬ 
trolytes  [5];  however,  lack  of  cost-effective  separators  with  both  low 
resistance  and  low  electrolyte  permeation  are  limiting  the  com¬ 
mercialization  of  VRFB  devices  [6].  For  the  most  studied  type  of  VRFB 
separator,  namely  proton  exchange  membranes  (PEM),  the  resist¬ 
ance  parameter  is  expressed  as  proton  conductivity  (a)  while  the 
electrolyte  permeation  parameter  is  expressed  as  V02+  permeability 
(P).  These  two  parameters  are  usually  found  to  have  a  trade-off 
relationship,  which  must  be  taken  into  account  in  new  materials 
design  [7].  Therefore,  the  proton  selectivity  (defined  as  a  IP)  becomes 
an  important  parameter  for  rational  membrane  design  in  these 
types  of  systems  while  keeping  in  mind  that  the  conductivity  must 
still  remain  high  enough  for  effective  device  performance. 

Nation®  is  the  benchmark  PEM  for  many  electrochemical 
applications  because  of  its  high  proton  conductivity  under  hydrated 
conditions  and  good  oxidative  stability  during  long-term  operation, 
however;  Nafion®’s  proton  selectivity  is  low  when  used  in  a  VRFB 
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due  to  its  high  vanadium  ion  permeability,  leading  to  low  coulombic 
efficiency  of  the  cell  and  rapid  capacity  fade  with  cycling  [8,9]. 
Various  Nafion®-based  composite  membranes  have  been  prepared 
with  an  aim  to  increase  the  proton  selectivity  by  decreasing  the 
V02+  permeability  significantly  while  maintaining  the  proton 
conductivity  at  a  relatively  high  level.  Successful  examples  include 
organic— inorganic  hybrid  membranes  of  Nafion®  and  Si02  [10—12] 
or  Ti02  [13,14],  organic-organic  blend  membranes  of  Nafion®  and 
poly(vinylidene  fluoride)  [15]  or  sulfonated  poly(arylene  ether)s 
[16,17].  While  these  composite  membranes  can  show  improved  cell 
performance  in  VRFB  cells,  Nafion®  is  currently  too  expensive  for 
large-scale  devices,  so  the  modification  of  Nafion®  do  not  address 
the  root  economic  problems  of  the  material. 

As  one  of  the  most  promising  alternative  PEMs  to  Nafion®, 
sulfonated  poly(arylene  ether)s  (SPEs)  were  adopted  to  serve  as 
low  cost,  high  performance  separators  in  VRFBs  [18-21].  The  pro¬ 
ton  conductivity  of  SPEs  is  difficult  to  increase  to  the  same  level  as 
Nafion®  unless  much  higher  ion  exchange  capacity  (IEC)  is  used. 
However,  the  V02+  permeability  is  usually  much  lower  than 
Nafion®  for  SPEs  with  moderate  or  low  IECs,  presumably  because 
Nafion®  has  larger  hydrophilic  channels  for  the  migration  of  V02+ 
compared  to  smaller  channels  in  SPEs  [22].  Consequently,  SPEs 
generally  display  higher  proton  selectivity  than  Nafion®  in  VRFB 
applications.  It  was  found  that  careful  modification  of  SPEs  such  as 
hybridizing  with  Si02  [23]  or  WO3  [24]  leads  to  even  greater  proton 
selectivity  and  cell  performance,  making  SPEs  one  of  the  best 
choices  for  ion-conducting  membranes  as  VRFB  separators. 

Our  previous  examination  of  sulfonated  Radel®  demonstrated 
that  this  aromatic  ion-conducting  polymer  could  not  meet  the 
long-term  operation  requirement  of  VRFBs  due  to  degradation  of  the 
membrane  upon  cycling  [25].  Fortunately,  partially  fluorinated 
aromatic  proton  exchange  membranes  were  found  to  have  much 
higher  oxidative  stability  as  evidenced  by  both  in  situ  [7]  and  ex  situ 
[26]  measurements.  Based  on  our  previous  IEC-optimized  stable 
sulfonated  fluorinated  poly(arylene  ether)  (SFPAE)  membrane 
(Scheme  1)  [7],  herein,  we  report  our  ongoing  efforts  to  increase 
the  proton  selectivity  and  lifetime  of  the  membrane  by  blending 
SFPAE  with  varying  amounts  of  poly(vinylidene  fluoride-co- 
hexafluoropropene)  (P(VDF-co-HFP)). 

2.  Experimental 

2.1.  Materials 

Sulfonated  fluorinated  poly(arylene  ether)  (SFPAE)  with  an  ion 
exchange  capacity  (IEC)  of  1.80  mequiv.  g_1  was  synthesized 
according  to  our  previous  report  [7].  Nafion®  NR212  was  purchased 
from  Ion  Power  Inc.,  USA.  Poly(vinylidene  fluoride-co- 
hexafluoropropene)  (P(VDF-co-HFP),  Mw  ~  455  kDa)  was  pur¬ 
chased  from  Sigma  Aldrich  Co.,  LLC.  All  the  other  reagents  were 
purchased  from  common  commercial  suppliers  and  used  without 
further  purification. 


Scheme  1.  Chemical  structures  of  SFPAE  and  P(VDF-co-HFP). 


2.2.  Preparation  of  composite  membranes 

Composite  membranes  of  SFPAE  with  5  wt.%,  10  wt.%,  15  wt.%, 
20  wt.%  and  25  wt.%  P(VDF-co-HFP)  were  prepared  by  solution 
casting.  SFPAE  and  P(VDF-co-HFP)  were  mixed  at  the  desired 
weight  ratios  and  dissolved  in  N,N'-dimethylacetamide  at  approx¬ 
imately  8  wt./vol.  %,  followed  by  ultrasonic  dispersion  for  30  min. 
The  polymer  solutions  were  then  cast  onto  glass  plates,  dried  at 
80  °C  for  24  h,  and  then  dried  at  120  °C  in  vacuo  for  24  h.  The 
membranes  were  removed  from  the  casting  plate  and  immersed  in 
a  1  M  H2S04  solution  at  80  °C  for  1  h.  After  acidification,  the 
membranes  were  washed  continuously  with  deionized  water  at 
80  °C  until  the  successive  wash  solutions  were  neutral  (pH  7.0).  The 
membranes  were  then  stored  in  deionized  water  at  room  temper¬ 
ature  for  further  characterization.  The  composite  membranes  were 
denoted  as  SFPAE-X,  where  X  is  the  weight  percent  of  P(VDF-co- 
HFP).  For  example,  SFPAE-10%  is  a  composite  membrane  of 
90  wt.%  SFPAE  and  10  wt.%  P(VDF-co-HFP). 

2.3.  Characterization 

Fourier  transform  infrared  spectroscopy  (FTIR)  spectra  were 
recorded  on  a  Bruker  Vertex  FTIR  spectrometer  with  an  MCT  detector. 
Differential  scanning  calorimetry  (DSC)  was  performed  on  a  Q100  DSC 
(TA  instruments  Corp.,  USA)  at  a  heating/cooling  rate  of  10  °C  min-1 
under  N2  atmosphere.  Samples  were  first  heated  to  190  °C,  cooled  to 
30  °C  and  then  heated  to  190  °C  again.  Data  were  collected  from  the 
second  heating  step.  Thermal  stability  of  the  polymers  was  analyzed 
using  a  Q50  TGA  (TA  Instruments  Corp.,  USA).  The  temperature  was 
increased  from  room  temperature  to  120  °C  and  held  for  30  min,  and 
then  increased  to  800  °C  at  a  heating  rate  of  10  °C  min-1  under  N2 
atmosphere.  The  mechanical  properties  were  measured  on  an  Instron 
5866  Universal  Testing  Machine  at  room  temperature.  The  micro¬ 
scopic  morphology  was  examined  by  a  Dimension  FastScan®  Atomic 
Force  Microscope  (Bruker  AXS  Inc.,  USA). 

The  ion  exchange  capacity  (IEC)  was  measured  by  titration. 
Dried  membrane  was  first  weighed  and  immersed  in  a  1  M  Na2S04 
solution  for  24  h  to  deprotonate  the  sulfonic  acid  groups  and  form 
their  corresponding  sodium  salt.  The  resulting  solution  was  titrated 
with  a  KOH  solution  (0.1  M)  using  phenolphthalein  pH  indicator 
until  the  colorimetric  endpoint.  The  IEC  was  calculated  as  the  moles 
of  exchangeable  protons  per  gram  of  polymer  membrane. 

The  water  uptake  of  the  membranes  was  defined  as  the  weight 
ratio  of  the  absorbed  water  to  that  of  the  dry  membrane.  The 
swelling  ratio  was  described  as  the  linear  expansion  ratio  of  wet 
membrane  compared  to  its  dry  dimension.  The  proton  conductiv¬ 
ities  of  membranes  were  measured  by  two-probe  electrochemical 
impedance  spectroscopy  (EIS)  using  a  Solartron  1260A  frequency 
response  analyzer  coupled  to  a  Solartron  1287  potentiostat  as 
previously  reported  [7].  The  measurements  were  conducted  while 
the  cell  was  submerged  in  deionized  water  at  room  temperature 
(22  °C).  The  conductivity  (<j)  was  calculated  from  the  impedance 
plot  according  to  the  area  available  for  membrane  conducting  (A) 
and  the  distance  between  the  electrodes  (d),  a  =  d/RA,  where  the 
resistance  R  was  derived  from  the  intercept  of  the  high  frequency 
complex  impedance  with  the  Re  (7!)  axis. 

The  V02+  permeability  measurement  was  conducted  in 
a  membrane-separated  cell  by  filling  20  mL  of  1.7  M  VOSO4  in  2.5  M 
H2SO4  solution  into  one  reservoir  and  20  mL  of  1.7  M  MgSC>4  in 
2.5  M  H2SO4  solution  in  the  other  reservoir.  The  two  solutions  were 
magnetically  stirred  at  room  temperature  throughout  the  experi¬ 
ment.  Samples  of  the  MgSCH  solution  were  taken  at  a  regular  time 
intervals  and  the  concentration  of  V02+  was  measured  with 
a  VARIAN  Cary  100  Scan  UV-Visible  spectrophotometer.  The  V02+ 
permeability  (P)  was  calculated  from: 
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Fig.  1.  AFM  phase  images  of  SFPAE  (a)  and  representative  composite  membrane  SFPAE-10%  (b). 
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vB^r  =  Ai(cA-cBm  0) 

where  Vb  is  the  volume  of  MgSC^  solution,  Cb  is  the  concentration 
of  permeated  V02+  ion  in  the  MgS04  compartment,  t  is  time,  A  is 
membrane  area,  L  is  membrane  thickness,  and  Q  is  the  initial 
concentration  of  VOSO4  compartment  which  is  1.7  M  in  this  case. 

VRFB  cell  performance  measurements  were  conducted  with 
50  mL  of  1.7  M  V02+  in  3.3  M  H2SO4  solution  as  the  anolyte  and 
50  mL  of  1.7  M  V3+  in  3.3  M  H2SO4  solution  as  the  catholyte. 
Membrane  thickness  for  all  tests  was  55-64  pm.  The  cell  config¬ 
uration  was  the  same  as  our  previous  report  [19].  The  cell  was 
charged  to  90%  state-of-charge  (SOC)  and  discharged  to  10%  SOC  at 
the  current  density  of  100  mA  cm-2.  The  coulombic  efficiency  (CE), 
voltage  efficiency  (VE)  and  energy  efficiency  (EE)  were  calculated 
by: 

/  /ddt 

CE  =  J— - x  100%  (2) 

Jkdt 

[  vdiddt 

EE  =  J— - x  100%  (3) 

J  vjcdt 

EE 

VE  =  —  x  100%  (4) 

Lh 

where  Id  is  the  discharging  current,  Ic  is  the  charging  current,  Vd  is 
the  discharging  voltage,  Vc  is  the  charging  voltage. 

3.  Results  and  discussion 

3.1.  Blend  compatibility 

Transparent  composite  membranes  were  obtained  for  all  P(VDF- 
co-HFP)  contents  from  0  to  25  wt.%.  The  microscopic  morphology  of 
the  composite  membranes  was  examined  by  tapping  mode  AFM 
and  compared  to  that  of  the  pristine  SFPAE  membrane.  As  shown  in 
Fig.  1,  SFPAE  exhibited  a  distinct  phase  separated  morphology  as 
represented  by  dark  and  light  areas,  which  correspond  to  hydro¬ 
philic  and  hydrophobic  phases,  respectively  [27].  After  the  incor¬ 
poration  of  P( VDF-co-FIFP),  a  significant  reduction  was  observed  in 
the  individual  dark  and  light  areas  that  indicated  a  more  compact 
and  less  phase  separated  morphology  of  the  composite  samples. 
This  data  indicates  that  P(VDF-co-FIFP)  was  well  dispersed  in  the 


SFPAE  matrix  and  the  hydrophilic  domain  size  of  the  composite 
membranes  was  reduced  compared  to  the  pure  SFPAE  membrane. 

DSC  was  used  to  probe  the  crystallization  characteristics  of 
the  P(VDF-co-FIFP)  in  the  SFPAE  matrix.  It  can  be  seen  in  Fig.  2  that 
pure  P(VDF-co-FIFP)  had  a  broad  doublet  melting  peak  at  around 
145-165  °C,  while  there  was  no  melting  peak  for  P( VDF-co-FIFP) 
observed  in  the  composite  membranes.  It  was  reported  that 
P(VDF-co-FIFP)  displayed  melting  behavior  in  blends  with  other 
aromatic  ionomers  such  as  sulfonated  poly(ether  ether  ketone)s 
[28]  or  sulfonated  poly(phthalazinone  ether  sulfone  ketone)s  [29] 
due  to  the  incompatibility  between  for  P(VDF-co-HFP)  and  those 
non-fluorinated  polymers.  The  lack  of  P(VDF-co-FIFP)  aggregation 
to  form  large  enough  crystallites  to  be  observed  by  melting  mea¬ 
surements  in  our  system  demonstrates  good  compatibility  of 
P(VDF-co-HFP)  and  SFPAE. 

The  interaction  of  SFPAE  and  P(VDF-co-HFP)  was  investigated  by 
FTIR,  Fig.  3.  The  peak  of  the  C— F  stretching  band  for  P(VDF-co-FIFP) 
was  found  at  1182  cm-1  while  the  principle  C-F  stretch  for  SFPAE 
was  found  at  1175  cm-1.  Interestingly,  the  peaks  of  C-F  stretching 
for  the  composite  membranes  were  located  between  these  two 
wavenumbers  at  1178  cm-1  for  SFPAE-25%  and  at  1188  cm-1  for 
SFPAE-10%.  Furthermore,  the  C-F  deformation  peak  appeared  at 
880  cm-1  for  P(VDF-co-FIFP)  in  the  spectra  of  composite  mem¬ 
branes,  but  was  slightly  shifted  to  881  cm-1  for  SFPAE-25%  and 
882  cm-1  for  SFPAE-10%.  These  shifts  in  key  FTIR  bands  clearly 
demonstrated  that  there  were  strong  interactions  between  SFPAE 
and  P(VDF-co-FIFP),  which  promoted  blending  and  good  compati¬ 
bility  between  these  two  polymers  as  evidenced  by  AFM  and  DSC 
measurements. 


Temperature  (°C) 


Fig.  2.  DSC  curves  of  P(VDF-co-HFP),  SFPAE-25%,  SFPAE-10%  and  SFPAE. 
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Fig.  3.  FTIR  spectra  of  (a)  P(VDF-co-HFP);  (b)  SFPAE-25%;  (c)  SFPAE-10%;  (d)  SFPAE. 


3.2.  IEC,  water  uptake,  and  mechanical  properties 

From  Table  1  the  IEC  of  composite  membranes  decreased 
monotonically  with  increasing  content  of  P( VDF-co-HFP).  The  ratio 
of  the  IEC  of  the  composite  membrane  to  the  IEC  of  pristine  SFPAE 
mirrored  the  weight  content  of  SFPAE  in  the  composite  membrane. 
For  example,  the  IEC  of  SFPAE-25%  was  74%  of  the  IEC  of  SFPAE,  close 
to  its  SFPAE  weight  content  of  75%.  The  water  uptake  and  swelling 
ratio  also  decreased  with  an  increased  weight  percent  of  P( VDF-co- 
HFP);  however,  these  quantities  decreased  to  a  larger  extent  com¬ 
pared  to  what  was  anticipated  from  the  SFPAE  weight  percent.  For 
example,  the  water  uptake  of  SFPAE-25%  was  only  57%  of  the  water 
uptake  of  SFPAE  while  the  sample  had  75%  SFPAE  content. 
Thus,  there  is  excess  reinforcement  of  the  composite  membrane  as 
promoted  by  the  compatibility  of  the  blend  constituents. 

Both  the  yield  stress  and  yield  strain  increased  with  increasing 
weight  percent  of  P(VDF-co-HFP),  Fig.  4.  The  water  uptake  had  an 
important  effect  on  mechanical  properties  when  the  samples  were 
fully  hydrated  [7].  Therefore,  with  increasing  content  of  P(VDF-co- 
HFP),  suppressed  water  uptake  contributed  to  the  increase  in  both 
yield  stress  and  yield  strain.  However,  the  altered  morphology  and 
strong  interaction  between  SFPAE  and  P(VDF-co-HFP)  may  also 
play  a  role  in  the  increase  in  mechanical  properties. 

3.3.  Thermal  properties 

The  thermal  stability  of  the  composite  membranes  was  inves¬ 
tigated  by  thermogravimetric  analysis  (TGA)  and  compared  to 
pristine  SFPAE  and  P(VDF-co-HFP),  Fig.  5.  Pure  SFPAE  and  the 
composite  samples  all  showed  a  two-step  decomposition  profile 
typical  of  sulfonated  ionomers  [20],  where  the  first  step  was  the 
decomposition  of  sulfonic  acid  group  and  the  second  step  was  the 
decomposition  of  polymer  backbone.  Since  the  decompositions  of 
SFPAE  backbone  and  P(VDF-co-HFP)  were  in  the  same  temperature 


Table  1 

Properties  of  SFPAE  and  composite  membranes. 


Sample 

IEC 

(mequiv.  g-1) 

Water 
uptake  (%) 

Swelling 
ratio  (%) 

Proton  conductivity 
(mS  cm-1) 

SFPAE 

1.80 

42 

20 

60 

SFPAE-5% 

1.73 

39 

19 

59 

SFPAE-10% 

1.61 

35 

17 

53 

SFPAE- 15% 

1.55 

32 

14 

49 

SFPAE-20% 

1.42 

28 

10 

43 

SFPAE-25% 

1.34 

24 

8 

34 

Fig.  4.  (a)  Yield  stress  and  (b)  yield  strain  of  SFPAE  and  composite  membranes. 


range,  they  were  overlapped  for  the  composite  membranes.  It  can 
be  seen  that  the  incorporation  of  P(VDF-co-HFP)  slightly  increased 
the  temperature  of  the  first  decomposition  step.  All  the  samples 
were  highly  thermal  stable  for  VRFB  applications  where  the  oper¬ 
ation  temperature  is  usually  lower  than  60  °C  [18]. 

3.4.  Proton  selectivity 

The  proton  conductivity  of  the  composite  membranes  decreased 
with  the  increasing  content  of  P(VDF-co-HFP),  Table  1.  This  trend 
was  due  to  the  correlation  of  both  the  IEC  and  water  uptake  with 
proton  conductivity.  As  discussed  above,  the  IEC  and  water  uptake 


Temperature  (°C) 


Fig.  5.  TGA  curves  of  SFPAE,  P(VDF-co-HFP)  and  composite  membranes. 
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Fig.  6.  V02+  permeability  and  proton  selectivity  of  SFPAE,  NR212  and  composite 
membranes. 


decreased  with  the  increasing  content  of  P(VDF-co-HFP);  therefore 
blending  in  inert  polymer  could  be  expected  to  result  in  decreased 
proton  conductivity  in  the  composite  samples. 

Blending  of  the  SFPAE  with  P(VDF-co-FIFP)  decreased  the  V02+ 
permeability  of  the  membranes,  Fig.  6.  Because  the  V02+  perme¬ 
ability  decreased  to  a  greater  extent  than  the  proton  conductivity 
decreased  with  blending,  Fig.  6  shows  that  the  composite  mem¬ 
branes  had  higher  proton  selectivity  compared  to  the  pure  SFPAE 
sample.  The  increase  in  selectivity  of  aromatic  proton  exchange 
membranes  relative  to  Nation®  has  been  observed  in  direct  meth¬ 
anol  fuel  cell  research  [30,31].  Aromatic  proton  exchange  mem¬ 
branes  have  small  ionic  domains  which  decreases  the  diffusion  of 
water  and  small  molecules  without  too  large  of  a  sacrifice  in  proton 
conductivity.  Nafion®’s  large  ionic  domains  yield  high  conductivity, 
but  also  high  water  transport  and  small  molecule  diffusion  [32]. 

3.5.  Cell  performance 

High  proton  selectivity  of  the  separator  membrane  is 
indispensable  for  high  coulombic  efficiency  and  long  cycle  life 
VRFB  devices;  however,  low  resistance  (high  proton  conductivity 
in  this  case)  of  the  membrane  is  also  necessary  for  high  power 
density  output  of  the  cell.  To  compromise  between  proton  selectivity 
and  conductivity,  SFPAE-10%  was  selected  for  cell  performance 
evaluations. 

Previously,  we  evaluated  the  cell  performance  of  IEC-optimized 
SFPAE  membranes  under  different  current  densities  and  obtained 


Fig.  7.  Charge-discharge  curves  of  VRFBs  assembled  with  SFPAE  and  SFPAE-10%  at 
100  mA  cm-2. 


Table  2 

CE,  VE  and  EE  of  VRFBs  assembled  with  SFPAE  and  SFPAE-10%  membranes. 


Sample 

CE  (%) 

VE  (%) 

EE  (%) 

SFPAE 

99.3 

88.4 

87.8 

SFPAE-10% 

99.4 

88.2 

87.7 

higher  CE,  VE,  and  EE  of  the  cell  with  the  SFPAE  membrane  com¬ 
pared  to  a  VRFB  with  a  NR212  membrane  [7].  While  the  ex  situ 
vanadium  soaking  test  demonstrated  good  stability  of  SFPAE 
membranes,  long  term  cell  cycling  tests  encountered  membrane 
mechanical  breakage,  which  became  more  severe  under  higher 
current  densities.  We  believe  degradation  in  aromatic  proton 
exchange  membranes  in  VRFBs  is  due  to  a  small  amount  of  chem¬ 
ical  degradation  of  the  polymer  backbone  [25].  This  chemical 
degradation  that  was  not  obvious  in  the  static  soaking  tests  led  to 
a  significant  decrease  in  mechanical  strength  of  the  membrane  and 
a  mechanically-based  failure  in  post-test  analyses.  In  order  to 
evaluate  the  lifetime  improvement  of  the  composite  membrane 
with  better  mechanical  properties  compared  to  the  pristine  SFPAE 
membrane,  we  evaluated  the  cycling  performance  of  a  cell  under 
100  mA  cm-2  and  the  results  are  shown  in  Fig.  7  (single  cycle 
charge-discharge  curves),  Table  2  (CE/VE/EE  from  Fig.  7)  and  Fig.  8 
(energy  efficiency  changes  versus  cycle  number).  It  can  be  seen  in 
Fig.  7  that  the  charge-discharge  behaviors  of  VRFBs  assembled 
with  SFPAE  and  SFPAE-10%  were  similar.  The  high  frequency 
resistance  (FIFR)  of  the  VRFB  assembled  with  SFPAE  was 
0.35  Q  cm-2  while  that  of  VRFB  assembled  with  SFPAE-10%  was 
0.44  Q  cm-2,  slightly  higher  than  the  pure  SFPAE  membrane 
because  of  the  slightly  lower  proton  conductivity  of  SFPAE-10% 
compared  to  SFPAE.  As  a  result,  the  VRFB  assembled  with  SFPAE- 
10%  exhibited  slightly  lower  VE  than  the  VRFB  assembled  with 
SFPAE,  as  shown  in  Table  2.  Since  SFPAE-10%  had  lower  V02+  per¬ 
meability  and  higher  proton  selectivity  than  SFPAE,  the  VRFB 
assembled  with  SFPAE-10%  showed  slightly  higher  CE  than  the 
VRFB  assembled  with  SFPAE.  While  this  single  cycle  cell  perfor¬ 
mance  of  the  VRFBs  assembled  with  these  two  membranes  was 
similar,  the  long  term  operation  revealed  a  large  difference  in 
cycling  lifetime  as  shown  in  Fig.  8.  It  can  be  seen  that  the  SFPAE  only 
survived  for  52  cycles  under  this  harsh  condition  while  SFPAE-10% 
lasted  for  75  cycles,  a  44%  improvement  in  lifetime  due  to  rein¬ 
forcement  of  the  P(VDF-co-HFP)  in  the  blend.  This  data  indicates 
that  mechanical  reinforcement  is  an  important  strategy  for 
improving  the  cycling  lifetime  of  ion-containing  polymers  for 
VRFBs. 


Fig.  8.  Cycling  performance  of  VRFBs  assembled  with  SFPAE  and  SFPAE-10%  at 
100  mA  cm-2. 
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4.  Conclusions 

Composite  blend  proton  exchange  membranes  of  sulfonated 
fluorinated  poly(arylene  ether)  (SFPAE)  and  poly(vinylidene 
fluoride-co-hexafluoropropene)  (P(VDF-co-HFP))  were  successfully 
prepared  by  solution  casting  with  various  contents  of  P(VDF-co- 
FIFP).  Strong  intermolecular  interactions  between  SFPAE  and 
P(VDF-co-HFP)  were  evident  from  FTIR  measurements.  Good 
compatibility  of  these  two  polymers  was  found  for  all  P(VDF-co- 
HFP)  contents  studied  (5-25  wt.%)  as  indicated  by  the  homoge¬ 
neous  atomic  force  micrographs  and  no  P(VDF-co-FIFP)  crystallinity 
in  DSC  measurements.  The  incorporation  of  P(VDF-co-HFP)  in 
a  SFPAE  membrane  increased  the  mechanical  properties,  thermal 
stability,  and  proton  selectivity  effectively.  A  SFPAE  membrane  with 
10  wt  %  P(VDF-co-HFP)  had  a  good  balance  of  proton  conductivity 
and  proton  selectivity  and  was  chosen  for  VRFB  testing.  Longer 
lifetime  and  slightly  higher  CE  was  achieved  for  the  VRFB  with 
a  blend  membrane  as  compared  to  the  VRFB  with  a  pristine  SFPAE 
membrane.  Through  this  work,  blending  an  ionic  polymer  with 
a  reinforcing  polymer  is  a  facile  method  for  producing  high  per¬ 
formance,  low  cost  VRFB  membranes. 
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